Abstract In a previous study, we showed that there was a significant increase in mycolata numbers associated with foaming events at a wastewater treatment site possessing three activated sludge plants. In this paper, we demonstrate that branched filamentous mycolata were a minor proportion of the mycolata morphotypes present in those activated sludge plants, accounting for less than 21% of the mycolata population in the mixed liquor and foam samples examined. In most samples examined, the number of filamentous mycolata was negligible compared to the number of other mycolata morphotypes present. Furthermore, filamentous mycolata did not contribute to any of the significant differences in mycolata concentration observed between foaming and non-foaming situations (P<0.01). These findings suggest that conventional microscopic examination for monitoring mycolata populations in foaming plants may be misleading and should be used with caution.
Introduction
Foam formation in activated sludge plants is a common and widespread problem often attributed to the presence of large numbers of filamentous bacteria in the mixed liquor and foam. Two predominant filament types are frequently observed when using conventional microscopy, unbranched filaments, which are often identified as Microthrix parvicella, and branched filaments which are assumed to be mycolic acid-containing actinomycetes (mycolata). Recent studies have shown that a wide range of mycolata are associated with foaming. Furthermore, many members of the mycolata are known to exhibit pleomorphism.
Foams in activated sludge plants are three-phase foams containing gas bubbles, liquid (water) and solid particles (microorganisms). Foam formation and stabilisation requires, at the least, the presence of gas bubbles and solid particles in the bulk liquid (Bickerman, 1973) . In activated sludge foams, the solid particles are assumed to be hydrophobic bacteria.
The use of molecular techniques now makes it possible to accurately identify and quantify mycolata in activated sludge samples irrespective of morphology. In a recent study using a mycolata group-specific probe and quantitative FISH, we showed that there was a mycolata threshold value of about 2 × 10 6 ml -1 in the mixed liquor, above which foaming was likely to occur (Davenport et al., 2000) . In addition, the majority of the mycolata appeared to be rod and coccoidal shaped. In this paper we use FISH to quantify the proportion of different mycolata morphotypes in the same activated sludge plants, some of which experience foaming. pilot-scale plant the sludge age was increased and there was an associated onset of foaming. At the same site one full-scale plant, A, was foaming and the other full-scale plant, B, possessed no foam. Further plant details, sample collection and sample preparation have been reported previously (Davenport et al., 2000) .
Quantitative FISH
FISH was carried out using the lipase permeabilisation procedure, the eubacterial-specific probe, Bact338, and the mycolata group-specific probe, Myc657, as described previously (Davenport et al., 2000) . Slides were viewed at a magnification of × 600 using a confocal scanning laser microscope (CLSM) (model MRC 600; Bio-Rad, Hemel Hempstead, U.K.). Images from random fields of view were captured on computer. Image thresh-holding, quantification and statistical analyses were carried out as previously described (Davenport et al., 2000) .
Filament counts
One contiguous length of filament was determined to represent one filament, regardless of the filament length. In addition filament tips and branches were also counted when possible. The mean ratio of filamentous mycolata as a proportion of the total mycolata population was estimated in two ways. Firstly, as a direct proportion of the counts per field of view, and secondly, as a ratio of the back-transformed means following statistical analysis.
Results and discussion
Coccoidal, rod and filamentous forms of mycolata were observed in samples of mixed liquor and foam from the activated sludge plants when examined using FISH, which corroborates results obtained by others using this technique (De los Reyes et al., 1997 Reyes et al., , 1998 Schuppler et al., 1998) .
However, in all of the samples analysed, rod and coccoidal forms were the predominant morphotypes, accounting for more than 79% percent of the mycolata population (Table 1) . Indeed, the significant increase in mycolata numbers in the mixed liquor, which was associated with the onset of foaming during the pilot plant study, could be solely attributed to an increase in the numbers of rod and coccoid mycolata ( Figure 1a) . Furthermore, all of the other significant differences in mycolata numbers observed between incidences of foaming and non-foaming reported in our previous study (Davenport et al., 2000) , were entirely due to rod and coccoidal-shaped mycolata (data not shown). This indicates that non-filamentous mycolata play a role in foam formation as previously speculated Stratton et al., 1996) .
In contrast, the number of filamentous mycolata detected in mixed liquor samples from the pilot plant, were in the order 10 2 to 10 3 ml -1 , at the lowest limits of detection (Figure 1b) , and represented less than 10% of the mycolata count per field of view (Table  1 ). The true proportion of filamentous mycolata may be much lower. Most counts were lognormally distributed and required transformation for statistical comparison by ANOVA. The proportions of the filamentous mycolata determined in this way were negligible. Jenkins and co-workers (Pitt and Jenkins, 1990; Cha et al., 1992) , reported "Nocardia" filament counts in the range of 0.5 -12 × 10 6 g -1 of volatile suspended solids (VSS) in their activated sludge plants, when using a technique based upon morphological identification (Pitt and Jenkins, 1990) . These values correspond to a comparative number of mycolata filaments of between 0.45 -28.8 × 10 3 ml -1 (assuming 60-80% VSS and an MLSS of 1.5-3.0 gl -1 ). This range is in the same order as the numbers observed in this study using the quantitative FISH technique.
Filamentous mycolata were rarely detected in the activated sludge samples when analysed by quantitative FISH. Those that were observed possessed the branching morphology ( Figure 2 ) characteristic of those typically referred to as "Nocardia" filaments in classical identification schemes (Jenkins et al., 1993) . However, it should be noted that organisms with a morphology characteristic of "M. parvicella" were also seen in the pilot plant samples (Figure 2 ), although they were not quantified. The contribution of these filament types towards the observed foaming events cannot be negated.
In the aeration basin foam from the pilot plant, the proportion of filamentous mycolata was relatively high at 14%, compared with 7%, at most, in a mixed liquor sample taken at the same time. It is not clear whether these elevated numbers of filamentous mycolata were enhanced by their selective removal into the foam, or if their presence was due to growth once present in the foam. Some authors have suggested that foam may provide a suitable microenvironment for the growth of mycolata . It has been suggested that the interfaces provided by foam may act to accumulate nutrients, especially Figure 1 The relative proportion of different morphological types of mycolata in mixed liquor samples from a pilot-scale plant. (a) Rod/coccoid forms of mycolata accounted for all the significant differences observed in the mycolata concentration that was associated with the onset of foaming, whereas (b) filamentous mycolata were present in relatively low numbers. The bars represent 95% confidence intervals and non-overlapping intervals indicate statistically significant differences In order to make statistical comparisons using ANOVA, the data required transformation. The figures in the last column represents the proportions calculated from the back-transformed means following statistical analysis hydrophobic substrates, which the mycolata have been shown to degrade in activated sludge (Lemmer and Baumann, 1988) . Those mycolata which produce filaments in pure culture, do so when transferred to fresh media, and others, namely Nocardia asteroides, have been shown to produce filament extensions when germinating in soil (Goodfellow, 1998) . This evidence, together with the observation of increased mycolata filament proportions in foam, suggests that filamentous mycolata may actively grow in foams. The relatively low number of filamentous mycolata contradicts current opinion of their role in foam formation. There is no fundamental physical reason why filamentous forms would be better able to attach to rising bubbles, or act as a "net" in which other organisms are carried, as some suggest (Jenkins et al., 1993) . Current theories on foam chemistry indicate that solid particles must be no greater than 300 µm but no less than the width of the liquid film of the bubble (Bickermann, 1973) . Indeed, solid particles as small as 0.01 µm in size have been shown to increase foam stability (Deshpande and Barigou, 1999) . The hydrophobicity of mycolata is also thought to play a role in foam formation and their ability to attach to air bubbles . Given that most of the particles in activated sludge mixtures are less than 5 µm in size (Jorand et al., 1995) , it seems likely that a large number of rod and coccoidal mycolata would be involved in foam formation. Nevertheless, in principle, even activated sludge flocs, which are typically smaller than 300 µm (Jorand et al., 1995) , if rendered hydrophobic enough, may be able to attach to rising air bubbles and thereby cause foaming. The presence of large numbers of microorganisms other than mycolata in the foam seems to suggest that this may be the case.
Conclusions
We have found that casual microscopic observation of filamentous mycolata may lead to an over estimation of the abundance of these filaments in activated sludge samples, probably due to their distinctive morphology. Undue emphasis has been given to the role of A selected CLSM image of an activated sludge sample taken from a foaming pilot plant. The sample was hybridized with a tetrarhodamine isothiocyanate (TRITC)-labelled mycolata-specific probe (Myc657), which fluoresces red, and a fluorescein isothiocyanate (FITC)-labelled eubacterial-specific probe (Bact338), which fluoresces green. Cells that hybridize with both probes appear as a yellow to yelloworange colour and are thus identified as mycolata. Yellow to orange-yellow branched filaments were observed typical of the mycolata (e.g. arrow A). Rod and coccoidal shaped mycolata were also observed (e.g. arrow B). Spaghetti-like winding filaments, which only hybridized with the Bact338 probe (e.g. arrow C), were also present. This type of filament is typical of "Candidatus Microthrix parvicella"
filamentous mycolata in association with foaming (Jenkins et al., 1993; De los Reyes et al., 1998) . We suggest that the filamentous mycolata previously observed by many others in foaming activated sludge plants, are mainly an easily recognisable symptom and a less significant part of the main problem. That problem is the growth of large mycolata populations, irrespective of morphology, which may cause the onset of foaming.
